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Abstract

The self-assembly of Janus ring polymers is studied via a coarse-grained molecular dynamics employing a bead spring model
including bending rigidity contributions to the Hamiltonian. We examine the formation and the morphology of amphiphilicity-
driven clusters in the system using the number density py, the temperature 7, the fraction of solvophobic monomers «, and the
stiffness of the polymer rings « as control parameters. We present a quantitative analysis of several characteristics for the formed
clusters of Janus rings. Measured quantities include the distribution of the cluster size M and the shape of the clusters in the form
of the prolate/oblate factor O and shape factors sf. We demonstrate Janus rings form polymorphic micelles that vary from a
spherical shape, akin to that known for linear block copolymers, to a novel type of toroidal shape, and we highlight the role played

by the key physical parameters leading to the stabilization of such structures.

Keywords Janus rings - Self-assembly - Simulation - Molecular dynamics

Introduction

Amphiphilicity is one of the most interesting physical proper-
ties of natural or artificial molecular compounds and colloids,
giving rise to an enormous variety of scenarios for self-
assembly and emergence of supramolecular aggregation.
The term denotes the property of two regions of the
macromolecular/colloidal entities that form the building
blocks of the material to be physically or chemically comple-
mentary or incompatible. For instance, one of them would be
attracted to the solvent and one repelled from it; or one would
be soluble in one kind of two immiscible solvents and the
other in the other, as is the case with surfactants with a hydro-
philic and a lyophilic block.
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A prominent example of such amphiphilic particles are
chemically heterogeneous, nanosized colloids that have
emerged in the last two decades as novel building blocks for
steering the self-assembly, structure, dynamics, and macro-
scopic phase behavior in condensed matter and soft materials,
also known as patchy colloids [4, 5, 23, 43, 59, 64]. These
nano- to micron-sized colloidal particles possess chemically
or physically decorated surfaces with selective interactions
against the patched and non-patched sectors of the surfaces
of other colloids. The large variety of self-assembly scenarios
[16, 17, 23, 62, 64] that arise from these patchy colloid inter-
actions is also tunable through control of the anisotropy of
their interaction patterns. In addition, the ability to steer the
number and the (orientational) flexibility of the patches gave
rise to a number of advances in our understanding of the low-
temperature phases and the critical behavior of colloidal sys-
tems with a limited number of bonding partners [8, 50, 52,
53], contributing thereby to our understanding of fundamental
questions pertaining to the stability of liquids and gels at low
temperatures. More ordered and disordered phases emerge
when interaction anisotropy becomes combined with shape
anisotropy [14, 15, 58]. Surface heterogeneities on colloidal
particles can also result from the existence of heterogeneously
distributed surface charges, which gives rise to the so-called
inverse patchy colloids (IPCs) [11]. Whereas conventional
patchy particles are realized by adding attractive patches on
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the surface of otherwise repulsive particles, IPCs have patches
that electrostatically repel each other, while they attract the rest
of the colloidal surface that is free of patches. The interplay
between attraction and repulsion of oppositely and like
charged regions results into a complex effective potential be-
tween [PCs [7] and associated, highly nontrivial self-assembly
scenarios [9, 10].

At the opposite end of the line from the patchy colloids as far
as the internal flexibility is concerned lie diblock copolymers,
i.e., flexible polymer chains consisting of a solvophilic block A
and a solvophobic block B. These well-studied block copoly-
mer solutions exhibit a variety of phases at finite concentration,
the most common one being a micellar phase, in which spher-
ical aggregates (micelles) with a B-core and A-corona form [20,
26, 39-41]. A related system is associating polymers [12, 51,
56] containing units that are capable of forming reversible,
physical bonds with similar units of other chains. These include
van der Waals interactions, m — 7 stacking, hydrogen bonding,
and metal-ligand coordination [2, 56], and they cover at least
two orders of magnitude in terms of binding energy, ranging
from one to several hundred kJ/mol. The reversibility of the
bonds leads, at high concentrations, to the formation of
reconfigurable, supramolecular networks [12, 51].

A third category of nanosized amphiphilic particles has a
hybrid nature between the hard colloids and the flexible block
copolymers mentioned above. These are polymer-based
nanocolloids formed by, e.g., centrally grafted block copoly-
mers or by surface patterning by polymers of varying solvent
quality. Members of this class have been termed soft patchy
nanoparticles [6, 19, 21]. Examples of this class of particles
can be mostly found in polymer-based systems: some charac-
teristic examples are Janus-like polymer vesicles [61], micelles
based on targeted design of functionalized dendritic polymers
[47], patchy nanoparticles with tunable symmetries resulting
from the self-aggregation of block copolymer chains [19, 63]
or stars [13], block copolymer nanoparticles with microphase
separation structures [27], hydrophobic dendrimers particles
with dynamic hydrophobic patches [25] or colloids grafted with
poor-solvent polymer brushes [19], and, lastly, polyelectrolyte
brushes [3, 24, 48]. Concrete experimental realizations of such
end-functionalized macromolecules are also zwitterionic poly-
butadiene star polymers [44, 57] or polybutadiene/polyisoprene
block copolymer stars in selective solvents. At the infinite di-
lution limit (single particle state diagram), the antagonism be-
tween entropic and enthalpic contributions leads to the forma-
tion of aggregation regions (patches) for the B-type monomers
on the surface of the stars. The single particle properties (patch-
iness, patch arrangement, angular and radial correlations, and
extent) can be readily tuned by the number of arms per star, the
ratio between solvophobic and solvophilic monomers, and the
attraction strength [13, 34, 35, 49].

Although the combination of various polymer architectures
(linear, star, dendritic) and amphiphilicity has attracted a great
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deal of attention, amphiphilic ring polymers have hardly been
studied up to date. This is an important missing piece of the
picture, as ring polymers are known to be significantly differ-
ent from linear ones in a number of ways, including their
overall statistical-mechanical properties [36, 42], their rheol-
ogy [32], and their ability to form specific types of threading
that result into glassy states in the melt [30, 37, 38, 54]. Cyclic
block copolymers that feature chemically distinct sequences
are thus forming excellent experimental systems to study the
self-assembly of block copolymer rings in finite concentration
[31, 55, 65]. The purpose of this work is to conduct a number
of simulations on model amphiphilic rings to explore the mor-
phology of the resulting supramolecular aggregates and the
influence of the ring architecture on the same. We discover
unique signatures of the ring topology on the shape of the
resulting micelles, including the formation of a novel type of
toroidal micelles. Although toroidal micelles are not un-
known, having already been observed for linear block copol-
ymers, ours differ from those in two important ways: first,
most of the hitherto known toroidal micelles require triblock
copolymers [18, 46] (see however Ref. [29] for toroidal mi-
celles made of diblock copolymers), as opposed to the diblock
copolymer rings discussed here. And secondly, the previously
discovered toroidal micelles are essentially looped cylindrical
micelles, i.e., they result from a different morphology upon
connecting the two ends [28], whereas in our case, the torus
forms from the outset as a primary structure.

The rest of our paper is organized as follows: The model
and the methods we employed for our diblock copolymer
rings are presented in Sect. 2 and details on the simulation
techniques in Sect. 3. We show and discuss our results in
Sect. 4, and in Sect. 5, we summarize and draw our
conclusions.

Model and methods

The utilized model is a microscopic monomer-resolved model
for semiflexible Janus ring polymers. As shown in Fig. 1, each

Fig. 1 Graphical representation (snapshot) of the semiflexible Janus
polymer ring with N=50monomers. Shown in red are the Ny =10
attractive A monomers, leaving Nz =40 repulsive blue R ones,
respectively, representing an amphiphilicity of «=1/5. The ring is a
snapshot of the simulations at temperature 7=0.9 and bending strength
k=30
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ring consists of Ny purely repulsive monomers R and N, at-
tractive monomers A in an Ay, Ry, block copolymer structure
with N = N4 + N total monomers. The two different monomer
species have equal mass m. Nonbonded monomers interact via
the truncated and shifted Lennard-Jones (LJ) potential:

=[G 6

with the Heaviside step function ©(x). Here, o and ¢ denote
the zero-crossing distance and the depth of the potential well
of the unshifted LJ potential, respectively. The distance of
monomers is given by » and the cutoff distance by 7., at which
the potential is shifted to zero. There are three different non-
bonded interactions possible, i.e., A—A, R—R,and A — R. The
interaction of repulsive beads among themselves and with
attractive monomers, R — R and R — A, is that of the so-called
Weeks-Chandler-Andersen (WCA) excluded volume poten-
tial [60] given in Eq. (2). The WCA potential is a special
and purely repulsive case of the LJ potential of Eq. (1) shifted
to zero and cutoff at the potential minimum at r.=2"c.
Attractive beads A —A interact with each other via the LJ
potential of Eq. (1) with a cutoff distance of r.=2.5.

Unea(r) = 45{(;)12_(%>6+ﬂ /o< 2% )
0 if r)o>2"8

O(r.—r) (1)

In the present model, polymers are formed by bonded
monomers interacting via the finitely extensible nonlinear
elastic (FENE) bond potential:

1\ 2
I-{— 3
(Ro> ] G)
Here, Ry and k denote the maximum bond extension dis-
tance and the spring constant of the bond, respectively.
Together with the purely repulsive WCA potential, the
FENE bonds form the bead spring model of Kremer and
Grest [33]. To achieve the aforementioned semiflexibility of

the polymer rings, an additional rigidity term is introduced to
the system via a quadratic-cosine bending potential:

kR}
UFENE(’”) = —Toh’l

Ubend(g) = K(COSG_COSGO)z (4)

with x being the bending strength constant, 6 the angle be-
tween two successive bonds, and 6, the equilibrium value of
the angle.

Reduced LJ units are used throughout this work setting
mass m, distance o, energy ¢, and the Boltzmann constant kg
to unity. We choose k= 30e/0%, Ry=1.50, and 0y =2m, and
depending on the simulations & as [0, 5, 15, 30, 60, 120]e and
the reduced temperatures 7* as [0.8, 0.9, 1.0, 1.1]kzT/e,

whereby we simplify the notation in what follows by setting
T* — T. With the mentioned values for ¢, o, k, and R, the
combined potential Uyca + Urgyre between connected mono-
mers has a sharp minimum at 0.96¢. This, together with the
steepness of Uy and Upgyg, keeps the bond distance within
small fluctuations. Thus, chain uncrossability is fulfilled,
preventing concatenation or knotting of the polymer rings.

Simulation details

We investigate systems with M =250 rings of size N=50 in
various concentrations py=[0.005,0.01,0.02,0.05,0.1],
with py=MN/V,,, being the number density and V,,, the
volume of the cubic simulation box. To initialize the run, the
rings in the simulation box are set up as flat discs with random
orientation taking special care to avoid concatenation as
shown in Fig. 2. In the present work, we also vary the degree
of amphiphilicity o = N/N in the range of [0.12, 0.5] for fixed
N =150, giving us 4 tunable parameters altogether, i.e., 7, &, ,
and py.

To study the self-assembly of the Janus semiflexible poly-
mer rings, we carry out constant NVT Langevin dynamics
simulations with implicit solvent and periodic boundary con-
ditions. The corresponding equations of motion read as [1]:

mit (1) = Fi(t)=ymry(t) + (1) (5)

Here, r; is the position of the ith monomer, m its mass, and
F(f) the conservative force acting on particle i, defined as
Vi Uprywea + Ureng + Upenag)- The quantity 1) is a random

d

Fig. 2 Graphical representation (snapshot) of a semiflexible Janus
polymer ring simulation box with M =250 rings and N =50 monomers
each, representing the state at the initial system setup. Shown is an
amphiphilicity o= 1/5 with attractive beads represented in red, whereas
blue are the repulsive ones, respectively. The snapshot is taken after
energy minimization of the simulation box at temperature 7=0.9,
bending strength « = 30, and number density py=0.01
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force, with (n,(¢)) =0, which is related to the friction coeffi-
cient y by the fluctuation dissipation relation

(i (O)(¢) ) = 2mksT630,50(11 ) (6)

where a and 3 denote Cartesian components. The simulations
are executed with the LAMMPS [45] molecular dynamics
software package. The wunit of time is set by
to = +/(mo?/e), and the friction coefficient v is chosen as
1072 #,!. We integrate the equations of motion with a timestep
of At=10"¢, and use 2 x 10® timesteps for the equilibration
of the system and 1 x 10° At for data collection. The presented
quantities are further averaged over at least five distinct sim-
ulation runs with different starting configurations and random
seeds for temperature control.

We identify clusters of Janus rings by the condition of
attractive beads A belonging to different rings being within
the cutoff distance of . =2.5. We study cluster size M, i.e.,
the number of rings in a cluster, and cluster shape Q, as func-
tions of the mentioned parameters 7, x, «, and py. We define
the shape as the oblateness of the centers of mass (COM) of
rings in a cluster.

0 = (3s/1=1)(3s/,~1)(3sf5~1) (7)

with the shape factors s/ , 3 = evi23/R;, and ev; 5, 3 being
the eigenvalues of the gyration tensor (i.e., the length of the
main axes of the equivalence ellipsoid) of the centers of
mass, normalized by the squared radius of gyration Rﬁ,. The
shape factors are defined to have the following properties:
sf1 <sf, <sfs and sf; + sf> +sf5 = 1. The prolate/oblate factor
O demonstrates three distinct limiting values, namely, O =2
for rod-like shape, O=0 for a sphere, and Q= —1/4 for a
disc. The centers of mass of rings forming a perfect torus
have a shape value of Q= — 1/4, where all the COM are in
the same plane and evenly spaced on a circle around the
center of the torus, whereas a random clustering conforma-
tion would most likely be centered around O =0, depending
on Mc. A drawback of the prolate/oblate factor Q as an
indicator for torus shape stems from the fact that rings need
not be equally spaced around the center of the torus. This is
especially true for clusters of small M, leading to a more
prolate shape as cases of sf; < sfsbecome more likely, even
though sf; = 0. For this reason we also plot sf; with its lim-
iting values between 0 and 1/3.

Results and discussion
In this section, we focus on one of the variable parameters at a

time, investigating aggregation number and shape of the self-
assembled clusters, to form a coherent picture of the system.
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The influence of density

We will start our discussion by varying the density of the
system from py=0.005 to 0.100 while keeping the tempera-
ture at 7=0.9 and the amphiphilicity at « =0.2 and compar-
ing the resulting findings for two different stiffnesses, i.e.,
fully flexible x =0 and semiflexible x =30 Janus rings. We
see a typical snapshot of the system at density py=0.005 in
Fig. 3 and at p,y=0.1 in Fig. 4 for the semiflexible Janus ring
system. In both of the limiting cases shown in Figs. 3 and 4,
one can see a clustering of attractive beads, forming the core
of toroidal micelles. At first glance, the influence of density
seems to only have a minor impact on the ability to form these
toroids, other than being more readily recognizable with the
“naked eye” due to a less crowded environment for less dense
systems. We emphasize at this point that here and in what
follows, we base our findings for the characteristics of the
aggregation patterns on direct, “brute-force” results arising
from MD simulations that develop from independent runs.
We have not employed any hybrid Monte Carlo MD or smart,
biased techniques to guarantee equilibrium, and accordingly,
we cannot exclude that the system is not trapped to a local
minimum. However, we have often observed rings exchang-
ing the micelles to which they belong; therefore, the system
possesses sufficiently rich internal dynamics.

To quantify these first impression findings of the snapshots,
we take a closer look at the measurements we defined in
Section 3. We will start our detailed analysis with the frequen-
cy distribution p(M) of the cluster size M as shown in Fig. 5.
Starting with the fully flexible Janus rings in Fig. 5 a, one can
see that even for the lowest density, a small portion of clusters
with size greater than 1 exist forming a shallow plateau. With
increasing density, an increase in average cluster size can be

Fig. 3 Snapshot of the simulation system at 7=0.9, « =0.2, and x =30
and density py=0.005. The blue colors represent fully repulsive beads,
whereas red beads are attractive. The presented snapshot is from an
equilibrated simulation run
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Fig. 4 Snapshot of the simulation system at 7=0.9, a=0.2, x =30, and
density py = 0.1. The blue colors represent fully repulsive beads, whereas
red beads are attractive. The presented snapshot is from an equilibrated
simulation run

seen, leading to a new maximum at M-~ 10 for py=0.01.
This second peak starts to expand and shift to higher cluster
sizes with further increasing density of the system leading to
Mc=14 for py=0.1 at the peak maximum. An interesting
find is that the largest clusters detected stay the same for all
investigated densities, i.e., M¢— y,, =~ 19for the fully flexible
system.

The semiflexible Janus ring systems in Fig. 5 b show a
different behavior. The first distinction is clearly visible for
the py=0.005 system, where a sharp peak with M-=7 is
formed. The proportion of free single rings is nearly zero
and further decreasing with increasing number density.

on =0.005
on=0.01
pn=0.02
pn=0.05
on=0.10

0.3 @)

coo

©oN

-] =
o

0.2

p(Mc)

0.1 4

on =0.005
on=0.01
pn=0.02
pn=0.05
on=0.10

p(Mc)

T
30 40

Fig. 5 Frequency distribution p(M) of cluster size M for a flexible x =
0 and b semiflexible x =30 Janus rings, with temperature 7=0.9 and
amphiphilicity a=0.2. The different colors represent different number
densities py as shown in the figure. Here and in all other frequency
distributions shown, the raw data, obtained only for integer values of
M, have been interpolated to produce smooth curves

Following the same overall trend to higher M for increasing
pu as for k =0, the peaks shift to higher average cluster sizes.
An interesting phenomenon appears for the highest two den-
sities. The predominant single sharp peak of the lower densi-
ties changes, broadening the peak while developing distinct
shoulders. This might be due to the union of micelles to bigger
clusters which needs to be further investigated. The results
indicate that there is a propensity of the micellar sizes to ap-
pear in integer multiples of two fundamental sizes of seven
and ten rings, respectively, resulting from merging of these
into new ones.

In both systems, i.e., flexible and semiflexible Janus rings,
cluster formation can be found, although the semiflexible ring
system shows a more complex picture. To try and understand
these features better, we take a closer look at the shape of these
clusters. In the simulation snapshot presented in Figs. 6 and 7,
we can qualitatively compare flexible and semiflexible Janus
rings. We can see that the flexible system is much more com-
pact and looks more spherical compared to the semiflexible
system. We also see the difference in the attractive centers of
the clusters. The flexible Janus rings collapse their attractive
beads to form densely packed spherical cores with the repul-
sive residue sticking out at random positions resembling the
arms of a star polymer. In the case of the semiflexible Janus
rings (Fig. 7), we can see a more torus-like shape of the clus-
ters, where the attractive centers are forming a cylindrical core
with the repulsive residues connecting top and bottom of these
cylinders. Due to the stiff nature of the semiflexible Janus
rings, the cores of the tori seem to be less shielded by the
repulsive parts compared to the star-like clusters of the flexible
rings.

To go into a more detailed look at the shape, we will focus
on the prolate/oblate factor (Q) and the first shape factor (sf;)
in Fig. 8 as they were introduced at the end of Sect. 3. We

Fig. 6 Snapshot of the simulation system at 7=0.9, a=0.2, py=0.1,
and k=0, i.e., fully flexible Janus rings. The blue colors represent fully
repulsive beads, whereas red beads are attractive. The presented snapshot
is from an equilibrated simulation run
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Fig. 7 Snapshot of the simulation system at 7=0.9, «=0.2, py=0.1,
and K = 30, i.e., semiflexible Janus rings. The blue colors represent fully
repulsive beads, whereas red beads are attractive. The presented snapshot
is from an equilibrated simulation run

denote ensemble averages with (). We start our discussion
with the fully flexible system in Fig. 8 a. For cluster size three,
sfi1 (“+” symbols) has to be 0, as can be seen in the figure. With
increasing cluster size, we find the earlier predicted shift to a
more spherical conformation, i.e., Q=0 and sf; = 1/3. These
features are independent of the density of the system in the
studied range. For the semiflexible Janus rings in Fig. 8 b, we
can see a clearly different picture. We start from a more prolate
shape, i.e., 0> 0, than is the case for flexible rings. For larger
clusters, we tend to a more oblate shape, i.e., 0 <0, and thus

@) k=0 —e— py=0.005
a=0.2 —¥ py=0.01
0.66 - T=09 —+— py=0.02
= —— py=0.05
g —— py=0.10
= 0.33
84
0.00
-0.25
on =0.005
pnv=0.01
0.66 - oy =0.02
E pn=0.05
i) pny=0.10
== 0.33 A
1S4
+
0.00
-0.25 . . . .
0 10 20 30 40
Mc

Fig. 8 Shape of COMs of rings in the same cluster in form of prolate/
oblate factor (Q) (full symbols connected with lines) and first shape factor
(sf1) (“+” symbol) as a function of cluster size for a flexible =0 and b
semiflexible x =30 Janus rings, with temperature 7=0.9 and
amphiphilicity a=0.2. The different colors represent different number
densities py as shown in the figure. The dotted lines at 0.33 and 0.00
represent the limiting values of sf;. Error bars are of the order of the
symbol size and thus not explicitly shown
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more into the direction of a torus. This can also be seen in the
values of sf; « 1/3. Again, these features seem to be indepen-
dent of the density of the system, apart from a slightly more
prolate form of smaller clusters at the highest density, although
sf1 < 1/3 still holds.

The influence of temperature

We will keep the number density fixed at py = 0.02 for the rest
of this contribution. The next issue to address is the effect of
the temperature 7 on the micelle formation of the system. We
first take a look at the distribution of cluster sizes M for the
different temperatures as it is shown in Fig. 9. Starting with the
fully flexible Janus rings in Fig. 9 a, we can find a strong
dependence of cluster size on temperature. At the lowest in-
vestigated temperature, 7=0.8, we can see clustering with
mean cluster size (M)~ 8 with nearly no free single rings.
With increasing 7, the mean cluster size drops to (M)~ 5 at
T=0.9. The peak of higher cluster sizes broadens, and the
maximum shifts to larger clusters. Free rings and very small
clusters become dominant. At 7'= 1.0, the average cluster size
has dropped to (M)~ 1.8. There are virtually no clusters of
size 10 and higher detectable. At the highest investigated tem-
perature 7=1.1, the mean cluster size shifts to even lower
values (M)~ 1.4. The largest identified clusters at this tem-
perature where at size 9.

The semiflexible rings are shown in Fig. 9 b. We start at the
temperature 7= 0.8 where there are no free rings in the sys-
tem. With increasing 7, the mean cluster size (M) increases as
well. Starting from (Mc)~8 at T=0.8upto (M)~8.8atT=
1.1. With increasing 7, the system starts to split in small and
larger clusters. We see the main peak shift to larger cluster
sizes, while at the same time, free rings and smaller clusters

— T=0.8
— T=0.9
— T=1.0
— T=1.1
)
s
<1
(b) k=230 — T=0.8
a=0.2 — T=0.9
=0.02 — T=1.0
0.2 Pw — T=11
)
=
1
0.1
0.0 T T
1 10 20
Mc

Fig. 9 Frequency distribution of cluster size M for a flexible x =0 and b
stiff k=30 Janus rings, with number density py=0.02 and degree of
amphiphilicity «=0.2. The different colors represent different
temperatures 7' as shown in the figure
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start to form. This effect seems to be the same as for the fully
flexible Janus rings, albeit at higher temperatures and with a
much more pronounced shift to larger cluster sizes for the
semiflexible system. The stiffness of the Janus rings increases
the ability to form clusters at higher temperatures.

Now let us take a look at the influence of 7 on the shape of
the clusters. In Fig. 10 a, we can study the shape of flexible
ring clusters. We notice the same findings as in Fig. 8 a, i.e., an
overall spherical form of the cluster with M~>5. The more
rings participating in the cluster, the more spherical the cluster
becomes. Apart of this effect, the temperature seems to have
no other effect on the shape of flexible clusters. The most
notably distinction is that the temperature influences the max-
imum cluster size much stronger than the density of the sys-
tem did for the fully flexible Janus rings. The effect of higher T’
is a more instable cluster, leading to an overall smaller average
cluster size and a greater portion of free single Janus rings for
the fully flexible system.

The effect of temperature on the semiflexible Janus ring
clusters can be seen in Fig. 10 b. We again start from a prolate
shape and with increasing M go to a more oblate shape. The
first shape factor sf| is still much lower than 1/3, but it in-
creases with increasing 7. The same is true for Q. With rising
temperature, we go to a more and more spherical distribution
of ring COMs around the center of attractive beads although
still being toroidal. To illustrate this point, we present a snap-
shot of the highest temperature simulation for the semiflexible
system rotated in a way that the central cylinder lies flat in the
plane of projection in Fig. 11. One can still see the overall
toroidal shape of the cluster with its central cylindrical core.

(@)

k=0 —— T=0.8
a=0.2 —%— T=0.9
0.66 on=002 —— T=1.0
-~ —— T=1.1
G
g: 0.33 ++++++
+
- oo
0.00 + - -5-¥
-0.25
(b) k=30 —— T=0.8
a=0.2 —»— T=0.9
0.66 - on =0.02 —— T=1.0
= —— T=1.1
w0
= 0.33 1
1S4
0.00 A
-0.25 T T T T
0 5 10 15 20 25

Fig. 10 Shape of COMs of rings in the same cluster in form of prolate/
oblate factor (Q) (full symbols connected with lines) and first shape factor
(sf1) (“+” symbol) as a function of cluster size for a flexible =0 and b
semiflexible x =30 Janus rings, with number density py=0.02 and
amphiphilicity a=0.2. The different colors represent different
temperatures 7"as shown in the figure. The dotted lines at 0.33 and 0.00
represent the limiting values of sf;

Fig. 11 Snapshot of the system at 7= 1.1, « = 0.2, K =30, and p5=0.02.
The box was rotated to better see the torus shape of the cluster in the
center of the picture. The blue colors represent fully repulsive beads,
whereas red beads are attractive. The presented snapshot is from an
equilibrated simulation run

Moreover, here and in what follows, it can be seen that the
micellar core often features a tight packing of the attractive
beads, a feature which, combined with rigidity, leads to visu-
ally recognizable crystalline arrangements. Though we have
not attempted to perform a detailed analysis of the crystallinity
of these domains, we point out that the phenomenon is com-
mon in other micelle forming systems, such as the recently
investigated moderate functionality block copolymer stars
[22]. It should further be mentioned that a temperature change
also affects the persistence length of the rings and thus their
apparent flexibility, despite the fact that « is kept fixed; nev-
ertheless, the major temperature effects observed are due to
the influence of the same on the relative attraction strength of
the solvophobic monomers.

The influence of amphiphilicity

With temperature and density already discussed, we now take
a closer look at the effects of amphiphilicity, i.e., the ratio of
attractive to repulsive beads of the Janus rings. For this, we set
the temperature to 7= 0.9 and the number density of the sys-
tem to p = 0.02. We again compare fully flexible rings (x = 0)
and semiflexible ones (x = 30). Starting the discussion for the
freely jointed Janus rings in Fig. 12 a, we can clearly see the
effect of amphiphilicity on cluster formation. With the lowest
amount of attractive beads (o = 0.12), we can see no formation
of clusters for the fully flexible system. For increasing
amphiphilicity, we find an increase in cluster formation, with
the first real emergence of clusters for values o> 1/5. From
values of o > 1/4 up to the highest studied ratios of = 1/2, we
can only see a slight increase of mean cluster size from M=

10 to M= 12. As we will see shortly, this is a low increase
compared to the semiflexible system. The surprising part here
seems to be a slight non-monotonicity with the peak at o=

0.24 being centered around higher cluster sizes than the av=

0.32 one. We also can see a broadening of the peaks and the
development of shoulders for the highest amphiphilicities.
Interestingly, no cluster with M->25 can be seen for the
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Fig. 12 Frequency distribution of cluster size M for a flexible x = 0 and
b stiff k=30 rings, with temperature 7=0.9 and number density py=
0.02. The different colors represent different amphiphilicity « as shown in
the figure

flexible system regardless of «v. This might be due to shielding
effects of the outward facing repulsive parts of the Janus rings.

A different picture can be seen in Fig. 12 b for the semi-
flexible Janus rings; where already for the lowest
amphiphilicity, a small portion of clusters with size M~ 13
can be found. Even for the second lowest amphiphilicity, there
are virtually no single rings in the system. The peak of o=
0.16 is centered around the (M) =10. We can see the same
non-monotonic behavior as for the fully flexible system, only
more pronounced. At first with increasing o, (Mc) drops and
goes to a minimum at around « = 0.20 to afterward rise again
with further increasing «, as can be seen in Fig. 13.

The second most noticeable feature of Fig. 12 b is the broad-
ening of the peaks for o> 1/4 as was the case with the fully
flexible system. The effect is strongly enhanced due to the stiff-
ness of the Janus rings. When half of the rings beads are attrac-
tive, the formation of a torus is not the only preferred way of
self-organization of the system. In Fig. 14, for example, we can

30 .
o py=0.02k=0T=0.9
o py=0.02k=30T=0.9
20 A
’EG .
10 1 ...
0 T T T T
0.1 0.2 0.3 0.4 0.5

a
Fig. 13 Mean cluster size (M) against amphiphilicity «.. The different
colors represent systems with temperature 7=0.9 and number density
py=0.02 and different x. Fully flexible Janus rings x=0 in blue and
semiflexible £ = 30 rings in orange

@ Springer

Fig. 14 Snapshot of the system at 7=0.9, o =0.5, K =30, and p5=0.02.
The blue colors represent fully repulsive beads, whereas red beads are
attractive. The presented snapshots are from equilibrated simulation runs

see a dumbbell shape and other interesting shapes as well. Due
to the many attractive contacts within a cluster, the stability of
clusters is very high. The many distinct values (peaks) of M of
the av = 0.5 system in Fig. 12 b are the result of clusters that, once
formed, are stable throughout the whole simulation run. Due to
the limited amount of simulation runs and limited rings per run,
we only achieve a discrete distribution of cluster sizes M.
Figure 15 a shows the influence of amphiphilicity on the
shape of fully flexible Janus ring clusters. Regardless of a, all
lines coincide representing the picture of a spherical distribu-
tion of COMs of rings around the attractive center for Mc> 5.
These are very analogous findings depicting the same picture
found for the other tunable parameter for the fully flexible
system. The semiflexible Janus ring system, shown in
Fig. 15 b on the other hand, displays a very different picture.
The degree of amphiphilicity has the strongest influence on
shape so far discussed. For the lowest investigated value of

(a) —— =012 —— a=0.32
0.66 - —— a=0.16 —a— a=0.40
: —— a=0.20 —— a=0.50
= —— a=0.24 K=0
) T=0.9
= 033 oN=10.02
S
0.00 A
-0.25
() —— a=0.12 —— a=0.32
1.00 —+— a=0.16 —#— a=0.40
—— a=020 —»— a=0.50
= —— a=0.24 k=30
< 0.66 - o0
s pu=0.02
S 0.33 1
C o P TH
e 5t .
0.00 + g N\:f 2—0 g00e-0t?
-0.25 ' : : : :
0 10 20 30 40 50

Fig. 15 Shape of COMs of rings in the same cluster in form of prolate/
oblate factor (Q) (full symbols connected with lines) and first shape factor
(sf1) (“+” symbol) as a function of cluster size for a flexible k=0 and b
semiflexible k=30 Janus rings, with number density p,=0.02 and
temperatures 7=0.9. The different colors represent different
amphiphilicity « as shown in the figure. The dotted lines at 1/3 and 0
represent the limiting values of sf;
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a=0.12, we can find a very spherical conformation of COMs,
although not as spherical as the fully flexible system. With
increasing amphiphilicity, the clusters become more and more
toroidal, i.e., decreasing values of sf; and Q. In the case of a =
0.4, we reach the most toroidal conformation. For the highest
amphiphilicity studied (o = 0.5), we can see a totally different
picture. As discussed before, the torus is not the most favor-
able conformation of clusters with aw=0.5, as seen in Fig.
14.We can see toroidal structures, more prolate distributions
of COMs, and spherical ones. A more detailed analyses of the
system for a = 1/2 would need more simulation runs and was
not part of the scope of the current contribution.

The influence of stiffness

The last variable parameter we will investigate is the stiffness
of the Janus ring itself. Figure 16 shows the frequency distri-
bution of cluster size M for different values of k. For k=0,
i.e., a fully flexible Janus ring, we can find the already
discussed distribution of mostly single rings with clusters cen-
tered around size M= 10. A slight increase of stiffness, from
k=0 to k=35, has already a huge effect. The probability of a
Janus ring to be part of a larger cluster increases drastically.
There are virtually no single rings anymore, although the over-
all form of the peak stays the same. A further increase to x =
15 leads to a narrower distribution that is shifted to lower
values of M. A further increase in stiffness does not have as
high an impact on the distribution of MC as the steps before.

Regarding the influence of stiffness on the shape of clus-
ters, we find & to be the most influential parameter of all the
investigated quantities. In Fig. 17, we can see the spherical
structure of the fully flexible (x = 0) Janus ring clusters. For
the k=5 system, we find a crossover from a spherical shape
for larger M to a more prolate one for lower cluster sizes like
it is found for higher values of «. A shift in shape between x =
5 and xk =15 can clearly be seen. With further increasing

=0.2 — k=0
0.2 a=02 — k=5
o =0.02 — k=15
— k=30
— K=60
— — k=120
O
=
Q 0.1 1
0.0 T T
1 10 20
Mc

Fig. 16 Frequency distribution of cluster size M for a system with
temperature 7'=0.9, amphiphilicity v=0.2, and number density py=
0.02. The different colors represent different values of stiffness
parameter £ as shown in the figure
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a=02  —* k=0
T=09 7 K=5
0.66 on=0.02 —— K=15
K=30
—~ K=160
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= 033
S/
0.00
-0.25 T T T T
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Fig. 17 Shape of COMs of rings in the same cluster in form of prolate/
oblate factor (Q) (full symbols connected with lines) and first shape factor
(sf1) (“+” symbol) as a function of cluster size for Janus rings with number
density py=0.02, temperatures 7= 0.9, and amphiphilicity & =0.2. The
different colors represent different values of stiffness parameter x as
shown in the figure. The dotted lines at 1/3 and O represent the limiting
values of sf;

stiffness, the system continues to go to more and more toroidal
shape of clusters. The x =120 Janus ring system is the most
toroidal of all investigated systems.

Conclusion

We have performed simulations on model amphiphilic ring
polymers that contain a minority block of monomers that are
solvophobic and a majority block that are soluble to a selective
solvent. We have established the formation of micellar aggre-
gates for these diblock rings, which is a common characteristic
in all Janus-type mesoscopic entities in soft matter; contrary to
the case of linear block copolymers, however, we have found
the formation of stable toroidal micelles as primary structures
arising in large parts of the parameter space spanned by the
degree of amphiphilicity, the temperature, the density, and the
molecular stiffness with respect to bending. We have attempted
no systematic mapping out of the dependence of the critical
micelle concentration or of the micellar morphologies on these
parameters, due to the vastness of the parameter space. Our
study serves as a starting point for such investigations, and its
goal is to delineate the regions of parameter space that appear
most promising for future investigations. In this spirit, we be-
lieve that future efforts should focus on more detailed investi-
gations of the self-assembly scenarios for rings that tend to form
stable toroidal micelles, i.e., rings with a high rigidity and a
rather small attractive block, so that the possibility of macro-
phase (liquid-gas) separation be suppressed.
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